Abstract. An analysis is preformed to study the heat transfer characteristic of unsteady mixed convection flow of a viscous fluid in the vicinity of a stagnation point of a general three-dimensional body embedded in a porous media. The velocity in the potential flow is assumed to vary arbitrary with time. The non-Darcy effects including convective, boundary and inertial effects are included in the analysis. Both nodal-point region (0 ≤ c ≤ 1), where c = b/a is the ratio of the velocity gradients in y and x directions in the potential flow and saddle point region (−1 ≤ c < 0), are considered. The semisimilar solutions of the momentum and energy equations are obtained numerically using finite difference method. Also a self-similar solution is found when the velocity in the potential flow and the wall temperature vary with time in particular manner. Many results are obtained and a representative set is displayed graphically to illustrate the influence of the physical parameters on the surface shear stresses and the surface heat transfer.
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Introduction
Convective heat transfer in fluid-saturated porous media has important applications in both technology and geothermal energy recovery. Most of the recent research on convective flow in porous media has been directed to the problems of steady free and mixed convection flows over heated bodies embedded in fluid-saturated porous media. However, unsteady convective boundary layer flow problems have not, so far, received as much attention. The analysis of many practical fluid mechanics problems depends on understanding the behavior of the unsteady boundary layer. It is of interest in problems covering dynamic stall of helicopters, rotor blades, and turbo machinery, acoustics, aeronautics and missile aerodynamics. For such wide applications as geothermal serves the design of high temperature insulation and reactors and thin film separation in chemical processes. Perhaps, the first study on unsteady boundary layer flow on flat surfaces in porous media was made by Johnson and Cheng [1] who found similarity solutions for certain variations of the wall temperature. The more common cases, in general, involve transient convection, which is non-similar and hence, more complicated mathematically. The interested reader can find an excellent collection of papers on unsteady convective flow problems over heated bodies embedded in a fluid-saturated porous medium in the review papers by Bradean et al. [2] and in the book by Pop and Ingham [3] . The present paper address the problem of mixed convection flow in the region of a general three-dimensional stagnation point (i.e., nodal or saddle point)of a body embedded in a porous medium in the presence of first and second orders resistances, which to the best of our knowledge have not been investigated yet. Although the problem of mixed convection flow over three-dimensional bodies embedded in porous media has not been studied very much, the corresponding case of clear (non-porous) fluid has been investigated by a number of researchers. The unsteady three-dimensional free convection flow in the stagnation-point region on a general curved isothermal surface placed in an ambient fluid was studied by Hang et al. [4] . Eswara and Nath [5] studied the unsteady laminar incompressible mixed convection boundary layer flow with large injection rates at the stagnation point of a three-dimensional body. Kumari and Nath [6] studied the unsteady flow and heat transfer of a viscous fluid in the stagnation region of a threedimensional body surrounded by a magnetic field.
Several investigations have been carried out also for the two-dimensional case of free and mixed convection in porous media. Nazar et al. [7] have studied the unsteady mixed convection boundary layer flow near the region of a stagnation point on a vertical surface embedded in a Darcian fluid-saturated porous medium. A detailed theoretical study of unsteady free convection boundary-layer flow near the stagnation point of a twodimensional cylindrical surface embedded in a fluid-saturated porous medium has been studied by Merkin and Pop [8] .
Hassanien et al. [9] have studied recently the unsteady free convection flow in the stagnation-point region of a three-dimensional body embedded in a porous media. More recently, the problem of free convection boundary layer flow near a three-dimensional stagnation point of attachment resulting from a step change in its constant surface temperature has been studied by Shafie et al. [10] .
Motivation to study mixed convection in porous media comes from the need to characterize the convective transport processes around deep geological repository for the disposal of high-level nuclear waste, e.g. spent fuel rods from nuclear reactors (see Lai [11] ).
The aim of the this analysis is to study the development of mixed convection in the stagnation flow of a three-dimensional body embedded in a porous medium in the presence of first and second orders resistances. The semi-similar solutions of the partial differential equations are obtained by the local non-similarity solutions. Also a selfsimilar solution is found when the velocity in the potential flow and the wall temperature vary with time in a particular manner.
Mathematical analysis
Let us consider the unsteady laminar motion of a viscous incompressible fluid in the neighborhood of the forward stagnation point of a three-dimensional body. The physical model and coordinate system are shown in Fig. 1 . A locally orthogonal set of coordinates (x, y, z) is chosen with the origin o at the lowest stagnation point, with x and y the coordinates along the body surface and z the coordinate perpendicular to the body surface at o. Gravity g is normal to the surface x = 0 and y = 0 and acts opposite to z direction. Let u, v and w denote the velocity components along x, y and z directions, respectively. The parameters a and b are the curvatures of the body measured in the planes y = 0 and x = 0, respectively. The components of buoyancy force in the x, y and z directions are axβg(T − T ∞ ), byβg(T − T ∞ ), and 0 given by Banks [12] . The boundary layer equations of continuity, momentum and energy governing the unsteady flow are given below:
where
The initial conditions (i.e., conditions at t = 0) are given by
The boundary conditions are
Here p is the static pressure; T is the temperature; ρ and µ are the fluid density and the dynamic viscosity, respectively; ν is the kinematics viscosity; c p is the specific heat at a constant pressure; k is the thermal conductivity; β is the bulk coefficient of thermal expansion; p 0 is the stagnation pressure; U, V and W are the components of velocity in the potential flow; ε, K, Γ are the porosity, the permeability and empirical constant. The subscripts i, w and ∞ denote initial condition, condition at the wall and condition at infinity.
Semi-similar equations
The equations governing the unsteady flow (1)- (5) are partial differential equations with four independent variables (t, x, y, z). To reduce these equation to partial differential equations with two independent variables (η, t * ), the potential velocity components in x and y directions are taken in the form (Kumari and Nath [6] ):
Substituting from equation (8) into the equation of continuity (1), we can get the third component of the potential velocity in the form.
Using the three-dimensional unsteady Bernoulli equation, the pressure p is given by
where γ = νε/Ka is the first order resistance and ∆ = Γε 2 L/K 1/2 is the second order resistance.
Now we apply the following transformations (Kumari and Nath [6] ):
to equations (1)- (5). We get
The initial conditions are
and the boundary conditions are given by
where primes denote the derivative with respect to η and E =
Eckert numbers; P r = µc p /k is the Prandtl number. The corresponding steady-state equations are obtained by putting t * = 0, φ = 1, ∂/∂t * = 0 in equations (12)- (16) and they are given by
The boundary conditions for equations (20)- (24) are given by equations (18), (19).
Here η and t * are the transformed independent variables; prime denotes derivative with respect to η; f ′ and s ′ are the dimensionless velocity components along x and y direction, respectively; P is the dimensionless pressure; L = (ν/a) 1/2 is the characteristic length; a and b are the velocity gradients along x and y directions in the potential flow and c = b/a is their ratio. The function φ(t * ) should be chosen such that both φ and dφ/dt * are continuous functions.
It may be noted that equations (20) and (21) for γ = ∆ = χ = 0 (clear fluid in forced convection limit) are essentially the same as those of Kumari and Nath [6] but without magnetic field, those of Howarth [13] for the flow in the nodal-point region (0 ≤ c ≤ 1) and those of Davey [14] in the saddle-point region (−1 ≤ c < 0). Also equation (20) and (22) with γ = ∆ = χ = 0 are identical to those of Kumari and Nath [6] and Hayday and Bowlus [15] in the region (0 ≤ c ≤ 1).
Most the dimensional shapes of practical interest lie between a cylinder (c = 0) and a sphere (c = 1), which are discussed by Kumari and Nath [6] .
The quantities of physical interest are the local skin friction coefficients in x and y directions and the local heat transfer coefficient in terms of the Nusselt umber.
Where
here C f x and C f y are the local skin friction coefficients in x and y directions, respectively; Nu x is the local Nusselt number; Re x is the local Reynolds number; U ∞ and V ∞ are the components of the velocity in x and y direction in the potential flow for the steady-state case. For C = 0, V ∞ = 0 and for C = 1, U ∞ = V ∞ .
Self-similar equations
The partial differential equations (1)- (5) with four independent variables (t, x, y, z) can be reduced to a system of ordinary differential equations if the velocity components in x and y directions in the potential flow vary directly as a linear function of distance and inversely as a linear function of time. The velocity components are given by
From the continuity equation, we get the z-component of the velocity as
The wall temperature T w0 is the value of T w at t * = 0 varies
From the Bernoulli equation we get the expression for the pressure p as
We apply the following transformations along with equations (29)-(32)
to equations (1)- (5) and it is found that (1) is identically satisfied and (2)- (5) reduce to
The boundary conditions are given by
here λ is the dimensionless parameter which characterizes the unsteadiness in the flow field. For the accelerating flow λ > 0 and for the decelerating flow λ < 0. The above equations reduce to steady-state equations for λ = 0 which are given by (20)-(24). It may be noted that equations (38)-(42) for γ = ∆ = λ = 0 (clear fluid in forced convection limit) are identical to those of Kumari and Nath [6] without magnetic field. Also equation (28), (39) and (40) with γ = ∆ = χ = λ = 0 are the same as those of Teipel [16] .
The local skin friction coefficients in x and y directions and the local Nusselt number (heat transfer coefficients) are expressed as
where Re x = U x/ν.
Method of solution
The partial differential equations governing the semi-similar flow, equations (12)- (16) under boundary conditions (19) and initial conditions (20)- (24), are solved numerically using a finite difference scheme developed by Nakamura [17] . Hence, for the sake of completeness, we present here only an outline of this method. Equations (12)- (16) are coupled non-linear parabolic partial differential equations in f, s and g i , i = 1, 2, 3. First, equations (12) and (13) are linearized and the resulting third-order linear partial differential equations are converted into second order partial differential equations by substituting f ′ = F and s ′ = S. The variables f and s in equations (14), (16) are considered as non-linear coefficients and are evaluated by numerical integration from F and S. These linear partial differential equations are discretised using the central difference approximation in the η coordinate and backward difference approximation in the t * coordinate. For the time step k, the discretised equations become tri-diagonal equations. This system of equations for each time step requires an iterative procedure due to the presence of non-linear coefficients. Successive substitution and iteration are continued for each time step until convergence is reached. Equations (20)- (24) under boundary conditions (19) were solved by using a double shooting method in order to accurately obtain the initial values of the various functions at time t * = 0. In a similar manner the systems of equations (38)- (42) with the boundary conditions (44) governing the self-similar flow case also been solved.
Results and discussion
The partial differential equations (12)- (16) governing the semi-similar flow and the ordinary differential equations (38)-(42) governing the self-similar flow have been solved numerically using the method described earlier. In order to asses the accuracy of the method, we have compared the surface shear stresses in x and y directions (f ′′ (0), s ′′ (0)) for the steady-state case (t * = 0) when γ = ∆ = χ = 0 (clear fluid in forced convection limit) with those of Kumari and Nath [6] , Howarth [13] and Hayday and Bowlus [15] in the nodal point region (0 ≤ c ≤ 1) and with those of Kumari and Nath [6] and Davey [14] in the saddle-point region (−1 ≤ c < 0). The heat transfer parameter (−g ′ 0 (0)) for the nodal-point region when E = E 1 = 0 (without viscous dissipation) are compared with that of Kumari and Nath [6] and Hayday and Bowlus [15] . In all the cases the results are found to be in excellent agreement. The comparison is presented in Tables 1-3. The variation of the surface shear stresses in x and y directions, f ′′ (0, t * ), s ′′ (0, t * ), and the surface heat transfer −g ′ (0, t * ) with time t * for the accelerating flow φ(t Figs. 2-4 . It is observed that as the first resistance parameter γ increases both f ′′ (0, t * ) and s ′′ (0, t * ) increases and the magnitude of −g ′ (0, t * ), which characterize the heat transfer rate decreases. Hover as the mixed convection parameter χ increases the surface shear stresses and the surface heat transfer all increase. Also both of f ′′ (0, t * ) and −g ′ (0, t * ) increases with the increase of time t * whereas s ′′ (0, t * ) increases up to certain value of t * depends on χ and then decreases as t * increases. 
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Present results Kumari and Nath [6] Hayday and Bowlus [15] c P r = 0.7 P r = 10 P r = 0.7 P r = 10 P r = 0.7 P r = 10 The variation of the surface shear stresses in x and y directions, f ′′ (0, t * ), s ′′ (0, t * ) and the surface heat transfer −g ′ (0, t * ), with the ratio velocity gradients in the free stream c (nature of the stagnation point) for t * = 1.5, φ(t * is rather insensitive to the change in c. This is similar to the forced convection case increase with the first and second order resistances and the mixed convection parameter also increases. Similar trend has been observed by Kumari and Nath [6] . Hover, the effect of both χ and γ parameter is significant. Fig. 6 indicate that the surface shear stresses in y-directions, s ′′ (0, t * ), continuously increases with increasing c and vanishes at c = −0.7536 for χ = 0 (forced convection limit) and the reverse flow occurs in the region (−1 ≤ c < −0.7536). When χ > 0 there is no reverse flow. Therefore, the increase in the free stream velocity or (and) in the buoyancy force delay or prevent the occurrence of flow reversal. As illustrated in Fig. 7 it is observed that, the surface heat transfer −g ′ (0, t * ), decreases with decreasing c, χ, γ until at some negative value of c where the flow is revised. Consequently, the heat transfer rate increases as c, χ, γ further increases. The effects of the second order resistance ∆ on the surface shear stresses in x and y directions, f ′′ (0, t * ), s ′′ (0, t * ) and the surface heat transfer −g ′ (0, t * ), are illustrated in Figs. 8-10 . The second order parameter ∆ has the same trend as the first order parameter γ as discussed in Figs. 5-7.
The velocity profiles s ′ (η, t * ) for φ(t * ) = 1 + δt * 2 , δ = 0.2, t * = 1.5, P r = 0.7, c = −0.5 with various values of γ, ∆ and χ are shown in Fig. 11 . It is observed that the magnitude and the region of reverse flow decrease with increasing the mixed convection parameter χ and increase with increasing the second order resistance parameter ∆ while there is no reverse flow for all values of the first order resistance parameter γ. Since the velocity profiles in x-direction, f ′ (η, t * ), and the temperature profiles, g(η, t * ), show usual features of boundary layer flows [13] [14] [15] , they are not shown here. Fig. 8 .
Variation of the surface shear stress in x-direction f ′′ (0, t * ) with c for the accelerating flow φ(t * ) = 1 + δt * 2 , P r = 0.7, δ = 0.2, t * = 1.5, γ = 0.0 with various values of ∆ and χ. Fig. 9 .
Variation of the surface shear stress in y-direction s ′′ (0, t * ) with c for the accelerating flow φ(t * ) = 1 + δt * 2 , P r = 0.7, δ = 0.2, t * = 1.5, γ = 0.0 with various values of ∆ and χ. Fig. 10 . Variation of the surface heat transfer −g ′ (0, t * ) with c for the accelerating flow φ(t * ) = 1 + δt * 2 , P r = 0.7, δ = 0.2, t * = 1.5, γ = 0.0 with various values of ∆ and χ. Fig. 11 . Effect of the first and second resistance parameters γ and ∆ on the velocity profiles in y-direction, s ′ (η, t * ), with φ(t * ) = 1 + δt * 2 , P r = 0.7, δ = 0.2, t * = 1.5, c = −0.5 and χ = 0.0, 0.5.
Conclusions
Equations of motion and energy governing the unsteady mixed convection flow of a viscous fluid in near a stagnation point of a general three-dimensional body embedded in a porous media are integrated. The velocity in the potential flow is assumed to vary arbitrary with time. The non-Darcy effects including convective, boundary and inertial effects are included in the analysis. Both nodal-point region and saddle-point region are considered. The semi-similar solutions of the momentum and energy equations are obtained numerically using finite difference method. Also a self-similar solution is found when the velocity in the potential flow and the wall temperature vary with time in particular manner. Many results are obtained and a representative set is displayed graphically to illustrate the influence of the physical parameters on the surface shear stresses and the surface heat transfer. Whenever possible, these results are compared with available numerical solutions and found to be highly accurate. The results indicate that significant changes occur in the shear stresses and the surface heat transfer. For a certain negative value of the parameter c, flow reversal takes place in the velocity component in y-direction. The buoyancy force or (and) the accelerating free stream velocity tends to delay or prevent flow reversal. The presence of the buoyancy force and the solid matrix increases the shear stress in x and y directions and the surface heat transfer.
